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Abstract
Dementia is a major public health burden, and the World Health Organization has
identified this disorder as a major public health priority. There are limited treatment
options  due  to  poor  understanding  of  key  mechanism  of  dementia  pathogenesis.
Dementia has been regarded as a proteinopathy in which alterations of brain protein
structure  and function are  the  key features  of  the  disorder.  Proteinopathy can be
triggered by degenerative protein modifications (DPMs), misfolding, aggregation, and
deposition of the malformed proteins. Despite the clinical significance of alteration in
protein  abundances,  DPMs,  protein  misfolding,  and  aggregation,  the  molecular
mechanism that promotes these changes remains inadequately understood, mostly due
to technical challenges. Proteomic is a powerful, sensitive, and advanced tool to study
the progressive brain tissue damage that critically dysregulates key enzymes, accumu‐
lates modified proteins, and causes protein misfolding and aggregation, resulting in
cognitive decline and dementia. The proteomic profiling of protein abundances and
correlating DPMs with protein misfolding and aggregation have potential to elucidate
underlying molecular mechanism of the disease. This chapter summarizes the recent
proteomic developments for studying brain proteome, DPMs, and protein aggrega‐
tion mechanism that may lead to dementia. We attempted to correlate DPMs and its
impact on protein aggregation and deposition in brain tissues.
Keywords: dementia, Alzheimer’s disease, vascular dementia, neurodegenerative dis‐
ease, proteomics, degenerative protein modifications (DPMs), deamidation, citrullina‐
tion, amyloid
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1. Introduction
Dementia is progressively more common disease in aging population. Worldwide, in 2015 about
46.8 million people were affected by dementia and projected to increase to about 74.7 million
by 2030 [1]. The increase in dementia patients is in part due to the aging society, lack of effective
prevention strategies, and curative treatments. Due to this exponential increase in dementia
population, the social and economic cost of this disorder is surpassing those attributed to cancer
and heart diseases [1, 2]. High global prevalence, impact of this disorder on families, caregiv‐
ers, and communities have posed significant public health challenge [3] forcing the global health
community to recognize the need for action and to place dementia on the public health agenda.
Recently, the World Health Organization (WHO) has identified dementia as a major public
health priority [3]. Unfortunately, dementia research has not been given priority as well as
funding share, which could be another reason for significant increase in dementia population.
For example, in the UK, only 11% of research funding has been allocated for dementia re‐
search while 64% was spent on cancer research in 2012.
The most common forms of dementia are Alzheimer’s disease (AD) and vascular dementia
(VaD), with respective frequencies of 70 and 15% of all dementias [4]. However, the boundaries
between the subtypes are sometimes not clear and mixed forms often coexist [5]. In past
decades, research in different subtypes of dementia has failed to improve our understanding
of dementia pathogenesis and to develop effective treatments or interventions for this disorder
[6, 7]. The major mystery is the lack of information on the main causes of the disorder. This
remains the main obstacle in developing a cure for the disorder. Therefore, an urgent inter‐
vention is needed to identify the key molecular mechanism that promotes dementia patho‐
genesis. Several theories have been put forward and only few have survived the test of time.
Induction of dementia by ischemic cerebral vascular diseases or stroke was first described in
clinics a century ago. However, the later discovery of aggregated β-amyloid and tau proteins
in the brain tissues of dementia patients diverted the majority of subsequent research toward
the study of these two molecules. Accordingly, it was hypothesized that this disorder is
triggered by the toxicity of oligomerized protein that forms senile plaque including amyloid-
beta (Aβ) and tau proteins [8]. However, this hypothesis failed to answer several questions
regarding pathogenesis and further development in therapeutics. Although Aβ-deposition has
been considered as the main cause of AD, the degree of its deposition in the brain does not
correlate with dementia severity [9]. According to Arriagada et al. [10], patients without
dementia have the same density of senile plaques as patients with AD. Amyloidal hypothesis
could not answer questions such as why healthy elderly people have abundant senile plaques
in their brains but no signs of AD [11].
The burden of senile plaques does not correlate with cognitive dysfunction in dementia
indicating that protein aggregation alone is not sufficient to explain the pathology of these
disorders. Accumulation of degenerative protein modifications (DPMs) triggered by nonen‐
zymatic spontaneous posttranslational modifications, loss of protein function, protein
misfolding, protein aggregation, and their depositions in brain tissues could be key features
of multiple neurodegenerative diseases since protein dysfunction is likely to extend beyond
Update on Dementia110
these Aβ and tau proteins alone. These deleterious protein damages can be caused by dysre‐
gulated protein repair and turnover due to hypoxia-ischemia brain injury. Recent epidemio‐
logical, clinical, and experimental studies demonstrated that cerebrovascular disease and
hypoxic-ischemic brain injury are the primary causes of cognitive impairment and dementia
[12–22].
Proteinopathy is the primary cause of dementia, but rarely attempts have been made to
determine the complete composition of deposited protein aggregates, to find what promotes
the protein aggregation, does proteins other than Aβ are the main culprit, what is the role of
DPMs, and how the constituent proteins contribute to plaque formation. The state-of-the-art
mass spectrometry-based proteomic technique has the potential to answer these questions.
Proteomic techniques can be considered as an integral part of dementia research to identify
biomarkers to detect the disorder at the early stage, understand mechanisms that lead to
dementia pathogenesis, design new therapeutics, and monitor response of developed treat‐
ments. Proteomic discoveries in dementia and current published literature were used as a tool
for review. To investigate our question regarding the mechanism of dementia pathogenesis
and the role of degenerative protein modifications, we searched PubMed and Scopus for the
literature using the following terms: dementia proteomics, amyloidal proteins, dementia
proteomic biomarker, neurodegenerative diseases, degenerative protein modification, and
posttranslational modification. We then review the returned articles to generate the summary
of the mechanism of dementia pathogenesis and the role of degenerative protein modifications
in dementia pathogenesis. We provide a review of the most significant findings in the field of
dementia with a special focus on DPMs. This chapter aims at providing understanding on
dementia pathogenesis through state-of-art proteomics technology and the impact of protein
modifications. In the present chapter, we discussed the recent developments and novel
proteomic approaches to study the mechanism of dementia pathogenesis, novel insights from
neuroproteomic research, mechanism of protein aggregation, and the role of DPMs.
2. Proteomics studies of dementia and AD
Dementia is caused by damage to brain cells, which further interfere with the ability of brain
cells to communicate with each other. The broad range of symptoms includes a decline in
memory, thinking skills, and decision making. This potentially affects a person’s ability to
perform everyday activities. According to Alzheimer’s association, dementia have several
types such as AD, VaD, mixed dementia, Parkinson’s Disease (PD), frontotemporal dementia,
mild cognitive impairment, posterior cortical atrophy, traumatic brain injury, Down syn‐
drome, Creutzfeldt-Jakob disease, and normal pressure hydrocephalus [23]. These subtypes
are associated with damage to specific types of brain cell in particular regions of the brain. For
example, hippocampus is the center of learning and memory in the brain, and damage to
hippocampus cells results in memory loss, which is one of the earliest symptoms of AD. The
presence of aggregated protein plaque is a common clinical manifestation of the diseases, but
the specific molecular mechanisms in each type of dementia that trigger neurodegeneration
remain a mystery. The main reasons are the lack of well-characterized clinical samples of brain
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from particular region, suitable technology to isolate plaque and aggregated proteins, the
technique that profiles quantitative composition of both soluble and aggregated proteins, and
the technique that accurately identifies DPMs. Proteomic technique enables the comprehensive
analysis of the protein and its work flow involves the identification of proteins following their
separation, digestion by trypsin, determination of the molecular weight of the resulting
peptides, and database searching to make the identification and quantification of the proteins
as well as the characterization of the DPMs. In addition to label-free proteomic methods,
isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass tag (TMT)
protein labeling are widely accepted approaches for quantitative profiling of cell lines and
clinical brain tissue samples [24–26]. Proteomics has also been used for the accurate identifi‐
cation of protein modifications [26–31].
2.1. Novel amyloidal protein-enrichment techniques and DPMs
The alteration in protein function and aggregation is the key feature of neurodegenerative
diseases. However, what initiates the protein aggregation, and their deposition and formation
of insoluble plaque are poorly defined. Due to poor solubility and self-association of these
amyloidal plaque proteins, their accurate identification and quantitation in brain tissue
extracts are technically challenging. Researchers [32, 33] have attempted to isolate amyloid
proteins using detergents or detergent-free buffers. They adopted sequential extraction and
quantification by enzyme-linked immunosorbent assay (ELISA), immunoblotting, or immu‐
nocytochemistry. But these approaches were unable to determine the aggregation state of the
amyloids and complete composition of amyloidal proteins. Recently, Adav et al. [34] success‐
fully developed ultracentrifugation-electrostatic repulsion hydrophilic interaction chroma‐
tography (UC-ERLIC)-coupled mass spectrometry-based proteomics technologies to
characterize aggregated proteins in human brain tissues affected by dementia. Using a
detergent buffer, they extracted soluble proteins, amyloidal proteins, and insoluble aggregated
proteins to identify dementia-associated changes in amyloid protein composition, relative
abundances, and the extent of DPMs such as deamidation. These authors profiled both soluble
and aggregated amyloidal plaque by LC-MS/MS and found significant enrichment of proteins
such as S100A9, ferritin, hemoglobin subunits, creatine kinase, and collagen among the
aggregated brain proteins. According to their findings, amyloid plaque was enriched in the
deamidated variant of protein S100A9. Yet, the following modified protocol (Figure 1) could
further improve the detection and identification of amyloidal protein profile in clinical
samples.
Most DPMs cause small shift in mass and also involve the addition of small chemical motifs
to protein side-chain functional group. This causes alterations in charge and hydrophobicity
of the peptide/protein. The detection of the DPM-modified peptide/protein is challenging
because the DPMs containing peptides in the trypsin-digested protein sample usually exhibit
very low stoichiometry; hence, it is very difficult to identify these from high abundant
unmodified peptides during LC-MS/MS analysis. However, these DPMs containing peptides
with different charges and hydrophilicities can be separated from unmodified peptides by
using ion exchange column running in hydrophilic interaction liquid chromatography (HILIC)
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mode that facilitates the detection and identification by LC-MS/MS [35]. Moreover, the
unmodified and modified peptides elute from ion exchange column in a predictable order
based on their charge densities in LC-MS/MS mobile phase. Accordingly, the modified and
unmodified peptides can be separated by electrostatic-interaction-modified HILIC (emHILIC)
methods using weak anion exchange (WAX)/strong anion exchange (SAX) columns in ERLIC
mode for online ERLIC-MS/MS analysis, or using weak cation exchange (WCX) columns in
electrostatic attraction hydrophilic interaction chromatographic mode (EALIC) for online
ERLIC-MS/MS analysis.
Figure 1. Isolation and identification of both soluble and insoluble amyloid proteins.
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2.2. Quantitative clinical proteomics of brain tissue
Protein quantification through the incorporation of stable isotopes has become a vital tech‐
nology in modern proteomics research. Applying two-dimensional (2D) liquid chromatogra‐
phy coupled with tandem mass spectrometry-based iTRAQ (2D-LC-MS/MS-iTRAQ)
technique, Brodmann area 21 of pathologically confirmed cases of VaD and matched non‐
neurological controls were studied [25]. In the study, 144 differentially expressed proteins
including superoxide dismutase, neural cell adhesion molecule, and ATP synthase subunit
alpha were characterized to be significantly up-regulated in VaD patients, suggesting a state
of hypometabolism and vascular insufficiency along with an inflammatory condition during
vascular dementia. iTRAQ quantitative proteomics of brain tissue samples from VaD subjects
discovered down-regulation of ion channel proteins including proteins such as V-type proton
ATPase subunit D (VATD), ATP synthase, H+ transporting, mitochondrial F0 complex,
subunit b-isoform (ATP5F1), Obg-like ATPase 1(OLA1), and V-type proton ATPase subunit F
(VATF) [24]. The ion channel protein Na+−K+−ATPase exhibits multiple functions including
the maintenance of differential membrane potential in neurons, which is an essential feature
of the signal transduction. Using proteomics and structural modeling of Na+−K+−ATPase, Sze
and coworkers [24] showed that the impaired regulation and compromised activity of Na+−K
+−ATPase contribute to the pathophysiology of VaD. Dysregulated Na+−K+−ATPase expression
or function have been reported in both animal models and brain tissues in AD, PD, and
Huntington’s disease (HD) [36].
Synaptic failure is the most common feature observed in both VaD and AD. The loss of
synapses and synaptic contacts is also most significant contributor to the cognitive impairment
in VaD and other neurodegenerative disease [30, 37]. Similarly, a decline in synapse number
in the hippocampal dentate gyrus in AD has been correlated with impairment on a variety of
cognitive tests [38]. This suggests that hippocampal degeneration is central to memory loss in
AD. Mitochondrial dysfunction is a vital feature of AD, but the fundamental mechanism is
still unclear. Mitochondrial dysfunction in neurodegenerative disorders remains a key to the
development of oxidative stress. According to Caspersen et al. [39], mitochondrial Aβ-
accumulation impairs neuronal function contributing to cellular dysfunction in transgenic (Tg)
mice expressing human-mutant amyloid precursor protein (mAPP). During the early stages
of AD, a reduced number of mitochondria in neurons [40] and decreased brain glucose
metabolism [41] have been reported. As reviewed by Butterfield et al. [42], autopsied AD brain
tissue revealed a decreased pyruvate dehydrogenase activity in the parietal, temporal, and
frontal cortex. Activities of cytochrome c oxidase and mitochondrial complex IV were signif‐
icantly low in AD brain.
Dementia risk in women is higher than that in men. Recently, our group [43] applied discovery-
based proteomics approach to evaluate gender differences in AD with cerebrovascular disease
(CVD) subjects. Quantitative proteomics revealed gender-specific-altered mitochondriome.
Proteomic analysis of AD-CVD brain tissues suggested hypercitrullination of arginine and
deamidation of glutamine (Gln) in myelin basic protein (MBP) from female patients. It has
been revealed that an increased citrullination of MBP is due to the down-regulation of
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cathepsin D and other enzymes that degrade the damaged proteins, leading to axonal
dysfunction and progressive loss of neuron function [44].
2.3. Insights from hypoxia/ischemia-induced neuropathy
In mild cognitive impairment (MCI) and early phase of AD, a decrease in the cerebral blood
flow has been noted and correlated with the symptoms of dementia [45]. At cellular level, a
decrease in the blood flow triggers hypoxia. The conditions such as hypoxia/ischemia have
been linked to the pathogenesis of AD [46]. Unbiased proteomic analysis of hypoxia-ischemia
pathology in numerous disease models and clinical setting including neuronal cell lines [47],
a rat model of ischemic middle cerebral artery occlusion [48], a mouse model of cardiovascular
disease [49], blood or tissues samples from patients with dementia [24, 26, 30] has provided
novel insight into molecular pathology of hypoxia-ischemic injury and confirmed that hypoxia
induced mitochondrial dysfunction and oxidative stress, induced epigenetic changes, and
dysregulated proteostasis. Thus, oxygen availability is a crucial regulator of cellular metabo‐
lism and homeostasis. Proteomic study using ischemic neuronal injury model also identified
the dysregulation of proteins such as Park7 and VAP-A implicated in the chronic neurological
disorders such as AD and PD [47]. When neuronal cell response to hypoxia and glucose
depletion stress was studied by iTRAQ proteomics in hypoxia-ischemic penumbra model,
dysregulation of housekeeping proteins, antioxidative defense, chaperone response, and
protein metabolism were observed [47]. Proteomic of pathological progression from hypoxia-
ischemia brain injury to clinical dementia revealed the dysregulation of energy metabolism,
mitochondrial dysfunction, neuro-inflammation, synaptic failure, etc. [24–26, 50]. Further, the
activity of α-ketoglutarate dehydrogenase appears to be inhibited in the cerebral cortex of AD
patients, and there are substantial evidences indicating that the function of the Krebs cycle is
impaired in AD brains [51, 52]. The impact of hypoxia and the γ-aminobutyric acid (GABA)
shunt activation in the pathogenesis of AD has been reviewed by Salminen et al. [51]. Restated,
neurodegeneration is caused by a progressive cycle of hypoxic-ischemic brain injury that
induces DPMs, protein misfolding, and aggregation, leading to cognitive decline and demen‐
tia. Hypoxia-inducible transcription factor (HIF) is the key inducer of hypoxia-responsive
genes that functions during general development and pathological processes in association
with decreased oxygen availability. In hypoxic condition, HIF is accumulated while it is
rapidly degraded in normoxic cells. HIF prolyl 4-hydroxylases (HIF-P4Hs, commonly known
as PHDs and EglNs) act as oxygen sensing.
Recent studies suggest that neurodegeneration is caused by progressive cycles of hypoxia-
ischemic brain injury that induces DPMs, protein misfolding, and aggregation. These
processes result in cognitive decline and dementia. The molecular events that drive this
proteinopathy preceding dementia symptoms have not yet been well identified. However,
unbiased, global, discovery-driven approaches such as proteomics have the potential to
uncover the complex molecular pathology of human proteinopathies including dementia. Our
groups adopted systematic proteomic studies to investigate hypoxia effects on neuronal cell
lines, animal models of ischemic brain injury, human blood plasma samples, and postmor‐
tem brain tissues from patients affected by stroke or dementia [47–50, 53–57]. We and other
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investigators [53–57] have yielded a good progress in understanding how protein DPMs, and
protein aggregation induced by hypoxic-ischemic brain injury can promote neurodegenera‐
tion in dementia. This “vicious cycle” of brain tissue damage is summarized in Figure 2.
Figure 2. Vicious cycle of hypoxia-ischemic brain injury, degenerative protein modifications, and amyloidosis.
3. DPM studies in brain tissue from dementia patients
DPMs caused by spontaneous chemical reactions can radically alter protein structure and
function, promoting pathological progression. Key DPMs including oxidation, deamidation,
racemization, glycation, advanced glycation end products, and enzymatic modifications such
as citrullination typically alter the charged state and hydrophobicity of the affected protein.
This changes charge and hydrophobic nature of protein-promoting protein misfolding and
aggregation. Despite the clinical importance of DPMs in neurodegenerative diseases, the
mechanism and cause of modifications are poorly understood, largely due to the technical
challenges. To define the role of DMPs, accurate identification of protein modification sites is
important. However, it is important to avoid the introduction of artificial modification during
sample preparation and improve sensitivity and confidence of identifying low-abundant
modifications. According to Hao et al. [27, 31], processing proteomic samples at a mild alkaline
pH and prolonged incubation at 37°C during trypsin digestion were major causes of nonen‐
zymatic asparagines (Asn)-deamidation. Therefore, these researchers proposed an improved
protocol of trypsin digestion in 50 mM ammonium acetate (pH 6) to avoid introduction of
artifactual deamidation during sample preparation. Moreover, a sodium deoxycholate (SDC)
and ammonium acetate-based buffer (pH 6.5) have been developed to increase protein
solubility, to enhance trypsin activity, and to improve the recovery of low-abundant peptides
from complex biological samples. This mildly acidic conditions and absence of urea minimized
artificial asparagine deamidation and prevented artifactual carbamylation [61].
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Under physiological conditions, deamidation of the protein residues asparagines (Asn) and
glutamine (Gln) can occur spontaneously and progressively alters protein structure, function,
and stability over time. Asn deamidation occurs through the formation of a succinimide ring
intermediate, which quickly gets hydrolyzed to D,L-Asp and D,L-isoAsp with isoAsp
predominating. Deamidation of Gln occurs much slower since it is thermodynamically less
favorable to form a six-membered glutarimide ring. Deamidation causes an increase in the
mass of 0.984 Da. The separation of Asp- and isoAsp remains challenging since peptides
containing Asp- and isoAsp display the similar mass and hydrophobicity. However, improved
ERLIC-LC-MS/MS method allows distinguishing isoAsp-containing peptide from n-Asp-
containing peptide prior to their identification. Protein deamidation serves as a versatile
molecular clock that can regulates many biological processes. Protein modifications and their
biological impacts have been recently reviewed by Hao et al. [27]. Proteins with low turnover
rates accumulate nonenzymatic modifications that cannot be repaired, and thus these modi‐
fications including deamidation cause age-related changes in biological functions and play
major role in aging. Deamidation has been linked with alterations in the structure of human
cortical neurons [62]. An accumulation of protein α-synuclein is a pathological characteristic
of dementia with Lewy bodies (DLB), PD, AD, and multiple system atrophy (MSA), and can
be linked to protein deamidation. The excessive deposition of IsoAsp residues in synapsin 1
and tubulin proteins in VaD [30] suggests that deamidation of synaptic proteins impairs its
function and may cause dementia.
3.1. Deamidation of ion channel and other proteins in dementia
The ion channel protein Na+−K+−ATPase exhibits multiple functions including the mainte‐
nance of differential membrane potential in neurons, which is an essential feature of the signal
transduction processes. Dysregulation of Na+−K+−ATPase expression or function has been
reported in both animal model and human brain tissues affected by AD, PD, and HD. In the
study of human brain tissues from patients with VaD, Adav et al. [24] noted deamidation of
Na+−K+−ATPase subunits in the evolutionary-conserved regions. Using structural model, they
located the modification sites and proposed that the disruption of Mg2+− and Cu2+−binding
sites impaired electrostatic interactions and function of ion channel proteins in VaD (Fig‐
ure 3). Modification of residues 210 and 220 has been proposed to cause defects in protein
phosphorylation and dephosphorylation mechanisms, leading to altered ATP hydrolysis.
Deamidation-induced changes in Na+−K+−ATPase subunit proteins may lead to defects in
membrane excitability and neuronal function. Moreover, the enzyme “protein L-isoaspartate
(D-aspartate) O-methyltransferase” (PIMT) functions as a protein repair enzyme and has the
potential to recognize these abnormal residues (isoAsp) and convert them to the normal L-Asp
form. Thus, deamidation can be repaired. However, according to proteomic analysis of VaD
brain tissues, PIMT was also deamidated. Deamidation of PIMT could manipulate its potential
to recognize abnormal residues or impair its potential to convert isoaspartyl to the normal L-
aspartyl form [24]. In mammalian cells and mouse models lacking repair enzyme PIMT, isoASP
accumulation causes hyperactivation of key cell-signaling pathways, weakening animal
growth and even fatal seizures [63].
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During the characterization of the human brain amyloidal plaque from dementia patients,
deamidation of aggregated proteins was noted. The extensively deamidated proteins were
S100A9, ferritine, and hemoglobin. In addition to these proteins, proteins such as S100 calcium-
binding protein B (S100-B), α2(IV), and α2(I) chains of human collagen, extracellular matrix
such as laminin subunit β-2 was found to be deamidated. Further, these authors found
deamidated adhesion junction plaque protein dystonin (isoform 3) and many others [34].
Proteins coronin-1A and syntaxin-binding protein 2, which were previously been implicated
in the neurodegeneration of the hippocampus, were also found deamidated detected in brain
tissue sample of demented patients. Deamidation introduces negative charge at sites of
modification. This change in charge promotes protein aggregation and remains as a patho‐
logical hallmark of age-related disorders and neurodegenerative diseases. Thus, the multiple
deamidated residues of S100A9 (Figure 3C and D) could introduce a negative charge to form
pathological aggregates in the brain. Hence, an accurate identification of DMPs and modifi‐
cation sites is important to understand the role of DPMs in human diseases. A comprehensive
investigation including method development for accurate identification of DPMs has been
performed for biomedical research [24, 26, 27, 30, 31, 34, 35].
Figure 3. Structural models of Na+/K+-ATPase catalytic site in (A) E1P (PDB ID 4HQJ) and (B) E2P (2ZXE). Domain A is
shown in blue and cyan color, domain P is shown in yellow, while domain N is shown in green. The deamidation sites
(N210, D220, and N715) are shown in red color (adapted with permission from Adav et al. [24]). The deamidation sites
of protein S100A9 (RCSB Protein Data Bank accession code: 1XK4) are shown in (C). EF hands have been displayed in
yellow color and deamidation sites in magenta and blue. EF hands alone are shown in (D).
Loss of synapses is one of the most significant contributors to the cognitive impairment
manifest in VaD and other neurodegenerative diseases. Following synapses loss, the remain‐
ing synapses alter their shape. According to recent literature [26], synaptic immunoglobulins
were perturbed proteins in VaD temporal cortices, while SNAP25 was substantially up-
regulated. Further, deamidation studies revealed that the protein synapsin 1 displayed
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significant accumulation of deamidated asparagine and glutamine residues when compared
with age-matched control [30]. The location of the modification site using structural model
demonstrated that the deamidation sites in synapsin 1 were likely to induce pathological
changes in protein conformation.
4. Proteomic biomarkers of dementia
Mass spectrometry-based proteomics has been widely used for biomarkers of dementia and
AD [64]. Proteins such as Aβ40, Aβ42, and their ratio Aβ42:Aβ40 have been linked with AD
and dementia [65]. Proteins such as Apolipoprotein E (ApoE) level in serum of AD patients
[66], interleukins (IL-1α, IL-6) [67], clusterin [68], and α-1-antichymotrypsin (α-ACT) [69] have
been considered as biomarkers of AD. Other than blood, cerebrospinal fluid (CSF), which
directly interacts with the space of the brain and reflects biochemical changes that occurs in
the brain, has also been used for the biomarker of dementia and AD. Proteins such as
phospholipases A2, visinin-like 1, microtubule-associated protein tau, neurofilament proteins,
and many more that were reviewed by Liu et al. [70] have been considered as CSF biomarkers
of AD. The increase in the generation of 2,4-dihydroxybutyrate with the progression of MCI
was noted and considered as a promising biomarker of AD [51, 71]. Using human CSF samples
and adopting targeted approach, Shi et al [72] proposed a panel consisting of five peptides/
proteins such as osteopontin (SPP1), prolow-density lipoprotein receptor-related protein 1
(LRP1), macrophage colony-stimulating factor 1 receptor (CSF1R), ephrin type-A receptor 4
(EPHA4), and metalloproteinase inhibitor 1 (TIMP1) are biomarkers of PD or AD. Alzheimer’s
Disease Neuroimaging Initiative (ADNI) biomarker core progress has been reviewed by Kang
et al. [73].
5. Future outlook and conclusions
Dementia is a global public health challenge that requires urgent action to discover underlying
molecular mechanism and to develop cure. Classical biological methods involving analyses of
one or several genes have been adopted in the study of the pathogenesis of neurodegenerative
disorders. However, it has become clear that neurodegenerative disorders exhibit complex
interactions involving wide range of proteins. Proteomics technologies have ushered in a new
era in the fields of clinical research by enabling us in identifying and quantifying disease-
related protein profiles. Unbiased, global, discovery-driven approaches such as proteomics
are well suited to uncover the complex pathology of human proteinopathies such as dementia.
Therefore, in this chapter, we exploited state-of-the-art quantitative proteomic profiling of
brain proteome, and discussed recent developments in neuroproteomics including DPMs, its
impact on protein aggregation that alters protein function and causes deposition, which are
key features of dementia and neurodegenerative disorders. To further understand the
pathology in depth, along with discovery proteomic approach, targeted proteomics need to
be applied to develop cure. In addition, commitments are needed to generate strategies,
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government policies, programs, and research funding for neurodegenerative diseases.
However, obtaining well-characterized clinical samples of specific brain areas remains a major
limitation.
Acknowledgements
This work is in part supported by the Singapore Ministry of Education (Tier 2: ARC9/15), NTU-
NHG Ageing Research Grant (ARG/14017), and the Singapore National Research Foundation
under its CBRG (NMRC/CBRG/0004/2012) administered by the Singapore Ministry of Health’s
National Medical Research Council.
Author details
Sunil S. Adav and Siu Kwan Sze*
*Address all correspondence to: sksze@ntu.edu.sg
School of Biological Sciences, Nanyang Technological University, Singapore
References
[1] Editorial. Great expectations for dementia research. Lancet Neurol 2016. Available from
http://thelancet.com/journals/laneur/article/PIIS1474-4422(15)00394-4/fulltext
[2] Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, Hall K, Hasegawa
K, Hendrie H, Huang Y, Jorm A, Mathers C, Menezes PR, Rimmer E, Scazufca M. Global
prevalence of dementia: A Delphi consensus study. Lancet 2005;366:2112–2117. Doi:
10.1016/s0140-6736(05)67889-0.
[3] WHO. Dementia: A public health priority, dementia report. Available from: http://
www.who.int/mental_health/publications/dementia_report_2012/en/
[4] Qiu C, De Ronchi D, Fratiglioni L. The epidemiology of the dementias: An update. Curr
Opin Psychiatry 2007;20:380–385. Doi: 10.1097/YCO.0b013e32816ebc7b.
[5] WHO. World Alzheimer’s Report 2009. London, Alzheimer’s Disease International,
2009.
[6] Corbett A, Williams G, Ballard C. Drug repositioning in Alzheimer's disease. Front
Biosci (Schol Ed) 2015;7:184–188.
[7] Corbett A, Pickett J, Burns A, Corcoran J, Dunnett SB, Edison P, Hagan JJ, Holmes C,
Jones E, Katona C, Kearns I, Kehoe P, Mudher A, Passmore A, Shepherd N, Walsh F,
Update on Dementia120
Ballard C. Drug repositioning for Alzheimer's disease. Nat Rev Drug Discov
2012;11:833–846. Doi: 10.1038/nrd3869.
[8] Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL, Beyreuther K.
Amyloid plaque core protein in Alzheimer disease and down syndrome. Proc Natl
Acad Sci USA 1985;82:4245–4249.
[9] Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, Hansen LA, Katzman
R. Physical basis of cognitive alterations in Alzheimer's disease: Synapse loss is the
major correlate of cognitive impairment. Ann Neurol 1991;30:572–580. Doi: 10.1002/
ana.410300410.
[10] Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary tangles but
not senile plaques parallel duration and severity of Alzheimer's disease. Neurology
1992;42:631–639.
[11] Davis DG, Schmitt FA, Wekstein DR, Markesbery WR. Alzheimer neuropathologic
alterations in aged cognitively normal subjects. J Neuropathol Exp Neurol 1999;58:376–
388.
[12] Kalaria RN, Ihara M. Dementia: Vascular and neurodegenerative pathways-will they
meet? Nat Rev Neurol 2013;9:487–488. Doi: 10.1038/nrneurol.2013.164.
[13] Iadecola C. The pathobiology of vascular dementia. Neuron 2013;80:844–866. Doi:
10.1016/j.neuron.2013.10.008.
[14] Foster V, Oakley AE, Slade JY, Hall R, Polvikoski TM, Burke M, Thomas AJ, Khundakar
A, Allan LM, Kalaria RN. Pyramidal neurons of the prefrontal cortex in post-stroke,
vascular and other ageing-related dementias. Brain 2014;137:2509–2521. Doi: 10.1093/
brain/awu172.
[15] Allan LM, Rowan EN, Firbank MJ, Thomas AJ, Parry SW, Polvikoski TM, O'Brien JT,
Kalaria RN. Long term incidence of dementia, predictors of mortality and pathological
diagnosis in older stroke survivors. Brain 2011;134:3716–3727. Doi: 10.1093/brain/
awr273.
[16] Okamoto Y, Yamamoto T, Kalaria RN, Senzaki H, Maki T, Hase Y, Kitamura A,
Washida K, Yamada M, Ito H, Tomimoto H, Takahashi R, Ihara M. Cerebral hypoper‐
fusion accelerates cerebral amyloid angiopathy and promotes cortical microinfarcts.
Acta Neuropathol 2012;123:381–394. Doi: 10.1007/s00401-011-0925-9.
[17] Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer's disease
and other disorders. Nat Rev Neurosci 2011;12:723–738. Doi: 10.1038/nrn3114.
[18] Quaegebeur A, Segura I, Carmeliet P. Pericytes: Blood-brain barrier safeguards against
neurodegeneration? Neuron 2010;68:321–323. Doi: 10.1016/j.neuron.2010.10.024.
[19] Snyder HM, Corriveau RA, Craft S, Faber JE, Greenberg SM, Knopman D, Lamb BT,
Montine TJ, Nedergaard M, Schaffer CB, Schneider JA, Wellington C, Wilcock DM,
Zipfel GJ, Zlokovic B, Bain LJ, Bosetti F, Galis ZS, Koroshetz W, Carrillo MC. Vascular
Proteomic Study of Degenerative Protein Modifications in the Molecular Pathology of Neurodegeneration and
Dementia
http://dx.doi.org/10.5772/64693
121
contributions to cognitive impairment and dementia including Alzheimer's disease.
Alzheimers Dement 2015;11:710–717. Doi: 10.1016/j.jalz.2014.10.008.
[20] Toledo JB, Arnold SE, Raible K, Brettschneider J, Xie SX, Grossman M, Monsell SE,
Kukull WA, Trojanowski JQ. Contribution of cerebrovascular disease in autopsy
confirmed neurodegenerative disease cases in the national Alzheimer's coordinating
centre. Brain 2013;136:2697–2706. Doi: 10.1093/brain/awt188.
[21] Iadecola C. The overlap between neurodegenerative and vascular factors in the
pathogenesis of dementia. Acta Neuropathol 2010;120:287–296. Doi: 10.1007/
s00401-010-0718-6.
[22] Lo RY, Jagust WJ. Vascular burden and Alzheimer disease pathologic progression.
Neurology 2012;79:1349–1355. Doi: 10.1212/WNL.0b013e31826c1b9d.
[23] Alzheimer’s Association . Available from: http://www.alz.org/dementia/types-of-
dementia.asp
[24] Adav  SS,  Qian  J,  Ang  YL,  Kalaria  RN,  Lai  MKP,  Chen  CP,  Sze  SK.  ITRAQ
quantitative  clinical  proteomics  revealed  role  of  Na+K+-ATPase  and  its  correla‐
tion  with  deamidation  in  vascular  dementia.  J  Proteome  Res  2014;13:4635–
4646.  Doi:  10.1021/pr500754j.
[25] Datta A, Qian J, Chong R, Kalaria RN, Francis P, Lai MKP, Chen CP, Sze SK. Novel
pathophysiological markers are revealed by iTRAQ-based quantitative clinical
proteomics approach in vascular dementia. J Proteomics 2014;99:54–67. Doi: 10.1016/
j.jprot.2014.01.011.
[26] Gallart-Palau X, Serra A, Sze SK. Uncovering neurodegenerative protein modifications
via proteomic profiling. Int Rev Neurobiol 2015;121:87-116. doi: 10.1016/bs.irn.
2015.06.002.
[27] Hao P, Adav SS, Gallart-Palau X, Sze SK. Recent advances in mass spectrometric
analysis of protein deamidation. Mass Spectrom Rev 2016. (In press) Doi: 10.1002/mas.
21491.
[28] Adav SS, Ravindran A, Sze SK. Study of Phanerochaete chrysosporium secretome revealed
protein glycosylation as a substrate-dependent post-translational modification. J
Proteome Res 2014;13:4272–4280. Doi: 10.1021/pr500385y.
[29] Adav SS, Ravindran A, Sze SK. Quantitative proteomic study of Aspergillus fumigatus
secretome revealed deamidation of secretory enzymes. J Proteomics 2015;119:154–168.
Doi: 10.1016/j.jprot.2015.02.007.
[30] Gallart-Palau  X,  Serra  A,  Qian  J,  Chen  CP,  Kalaria  RN,  Sze  SK.  Temporal  lobe
proteins  implicated  in  synaptic  failure  exhibit  differential  expression  and
deamidation  in  vascular  dementia.  Neurochem  Int  2015;80:87–98.  Doi:  10.1016/
j.neuint.2014.12.002.
Update on Dementia122
[31] Hao P, Ren Y, Alpert AJ, Siu KS. Detection, evaluation and minimization of nonenzy-
matic deamidation in proteomic sample preparation. Mol Cell Proteomics
2011;10(10):O111.009381. Doi:10.1074/mcp.O111.009381.
[32] Izco M, Pesini P, Perez-Grijalba V, Fandos N, Sarasa M. Optimized protocol for
amyloid-beta extraction from the brain. J Alzheimers Dis 2013;34:835–839. Doi: 10.3233/
jad-121798.
[33] Kuo YM, Emmerling MR, Vigo-Pelfrey C, Kasunic TC, Kirkpatrick JB, Murdoch GH,
Ball MJ, Roher AE. Water-soluble abeta (n-40, n-42) oligomers in normal and Alzheimer
disease brains. J Biol Chem 1996;271:4077–4081.
[34] Adav SS, Gallart-Palau X, Tan KH, Lim SK, Tam JP, Sze SK. Dementia-linked amyloi‐
dosis is associated with brain protein deamidation as revealed by proteomic profiling
of human brain tissues. Mol Brain 2016;9:20. Doi: 10.1186/s13041-016-0200-z.
[35] Hao P, Qian J, Dutta B, Cheow ES, Sim KH, Meng W, Adav SS, Alpert A, Sze SK.
Enhanced separation and characterization of deamidated peptides with RP-ERLIC-
based multidimensional chromatography coupled with tandem mass spectrometry. J
Proteome Res 2012;11:1804–1811. Doi: 10.1021/pr201048c.
[36] Mobasheri A, Avila J, Cozar-Castellano I, Brownleader MD, Trevan M, Francis MJ,
Lamb JF, Martin-Vasallo P. Na+, K+-ATPase isozyme diversity; comparative biochem‐
istry and physiological implications of novel functional interactions. Biosci Rep
2000;20:51–91.
[37] Scheff SW, Price DA, Schmitt FA, DeKosky ST, Mufson EJ. Synaptic alterations in Ca1
in mild Alzheimer disease and mild cognitive impairment. Neurology 2007;68:1501–
1508. Doi: 10.1212/01.wnl.0000260698.46517.8f.
[38] Scheff SW, Price DA, Schmitt FA, Mufson EJ. Hippocampal synaptic loss in early
Alzheimer's disease and mild cognitive impairment. Neurobiol Aging 2006;27:1372–
1384. Doi: 10.1016/j.neurobiolaging.2005.09.012.
[39] Caspersen C, Wang N, Yao J, Sosunov A, Chen X, Lustbader JW, Xu HW, Stern D,
McKhann G, Yan SD. Mitochondrial abeta: A potential focal point for neuronal
metabolic dysfunction in Alzheimer's disease. FASEB J 2005;19:2040–2041. Doi: 10.1096/
fj.05-3735fje.
[40] Hirai K, Aliev G, Nunomura A, Fujioka H, Russell RL, Atwood CS, Johnson AB, Kress
Y, Vinters HV, Tabaton M, Shimohama S, Cash AD, Siedlak SL, Harris PL, Jones PK,
Petersen RB, Perry G, Smith MA. Mitochondrial abnormalities in Alzheimer's disease.
J Neurosci 2001;21:3017–3023.
[41] Mosconi L. Brain glucose metabolism in the early and specific diagnosis of Alzheimer's
disease. FDG-PET studies in MCI and AD. Eur J Nucl Med Mol Imaging 2005;32:486–
510. Doi: 10.1007/s00259-005-1762-7.
[42] Butterfield DA, Reed T, Newman SF, Sultana R. Roles of amyloid β-peptide-associated
oxidative stress and brain protein modifications in the pathogenesis of Alzheimer's
Proteomic Study of Degenerative Protein Modifications in the Molecular Pathology of Neurodegeneration and
Dementia
http://dx.doi.org/10.5772/64693
123
disease and mild cognitive impairment. Free Rad Biol Med 2007;43:658–677. Doi:
10.1016/j.freeradbiomed.2007.05.037.
[43] Gallart-Palau X, Lee BST, Adav SS, Qian J, Serra A, E. PJ, Lai MKP, Chen CP, Kalaria
RN, Sze SK. Gender differences in white matter pathology and mitochondrial dys‐
function in Alzheimer's disease with cerebrovascular disease. Mol Brain 2016;17:27.
Doi: 10.1186/s13041-016-0205-7.
[44] Bacheva AV, Belogurov AA, Kuzina ES, Serebriakova MV, Ponomarenko NA, Knorre
VD, Govorun VM, Gabibov AG. Functional degradation of myelin basic protein.
Proteomic approach. Bioorg Khim 2011;37:45–54.
[45] Luckhaus C, Flub MO, Wittsack HJ, Grass-Kapanke B, Janner M, Khalili-Amiri R,
Friedrich W, Supprian T, Gaebel W, Modder U, Cohnen M. Detection of changed
regional cerebral blood flow in mild cognitive impairment and early Alzheimer's
dementia by perfusion-weighted magnetic resonance imaging. Neuroimage
2008;40:495–503. Doi: 10.1016/j.neuroimage.2007.11.053.
[46] Kalaria RN. The role of cerebral ischemia in Alzheimer's disease. Neurobiol Aging
2000;21:321–330.
[47] Datta A, Park JE, Li X, Zhang H, Ho ZS, Heese K, Lim SK, Tam JP, Sze SK. Phenotyping
of an in vitro model of ischemic penumbra by iTRAQ-based shotgun quantitative
proteomics. J Proteome Res 2010;9:472–484. Doi: 10.1021/pr900829h.
[48] Datta A, Jingru Q, Khor TH, Teo MT, Heese K, Sze SK. Quantitative neuroproteomics
of an in vivo rodent model of focal cerebral ischemia/reperfusion injury reveals a
temporal regulation of novel pathophysiological molecular markers. J Proteome Res
2011;10:5199–5213. Doi: 10.1021/pr200673y.
[49] Li X, Arslan F, Ren Y, Adav SS, Poh KK, Sorokin V, Lee CN, de Kleijn D, Lim SK, Sze
SK. Metabolic adaptation to a disruption in oxygen supply during myocardial ischemia
and reperfusion is underpinned by temporal and quantitative changes in the cardiac
proteome. J Proteome Res 2012;11:2331–2346. Doi: 10.1021/pr201025m.
[50] Datta A, Akatsu H, Heese K, Sze SK. Quantitative clinical proteomic study of autopsied
human infarcted brain specimens to elucidate the deregulated pathways in ischemic
stroke pathology. J Proteomics 2013;91:556–568. Doi: 10.1016/j.jprot.2013.08.017.
[51] Salminen A, Jouhten P, Sarajarvi T, Haapasalo A, Hiltunen M. Hypoxia and GABA
shunt activation in the pathogenesis of Alzheimer’s disease. Neurochem Int
2015;92:13-24. doi: 10.1016/j.neuint.2015.11.005.
[52] Bubber P, Haroutunian V, Fisch G, Blass JP, Gibson GE. Mitochondrial abnormalities
in Alzheimer brain: Mechanistic implications. Ann Neurol 2005;57:695–703. Doi:
10.1002/ana.20474.
[53] De Kleijn DPV, Moll FL, Hellings WE, Ozsarlak-Sozer G, De Bruin P, Doevendans PA,
Vink A, Catanzariti LM, Schoneveld AH, Algra A, Daemen MJ, Biessen EA, De Jager
Update on Dementia124
W, Zhang H, De Vries JP, Falk E, Lim SK, Van Der Spek PJ, Sze SK, Pasterkamp G. Local
atherosclerotic plaques are a source of prognostic biomarkers for adverse cardiovas‐
cular events. Arterioscler Thromb Vasc Biol 2010;30:612–619. Doi: 10.1161/ATVBAHA.
109.194944.
[54] Hao P, Ren Y, Pasterkamp G, Moll FL, de Kleijn DPV, Sze SK. Deep proteomic profiling
of human carotid atherosclerotic plaques using multidimensional LC-MS/MS. Proteo‐
mics Clin Appl 2014;8:631–635. Doi: 10.1002/prca.201400007.
[55] Manavalan A, Mishra M, Sze SK, Heese K. Brain-site-specific proteome changes
induced by neuronal p60TRP expression. NeuroSignals 2013;21:129–149. Doi:
10.1159/000343672.
[56] Park JE, Tan HS, Datta A, Lai RC, Zhang H, Meng W, Lim SK, Sze SK. Hypoxic tumor
cell modulates its microenvironment to enhance angiogenic and metastatic potential
by secretion of proteins and exosomes. Mol Cell Proteomics 2010;9:1085–1099. Doi:
10.1074/mcp.M900381-MCP200.
[57] Ren Y, Hao P, Dutta B, Cheow ESH, Sim KH, Gan CS, Lim SK, Sze SK. Hypoxia
modulates a431 cellular pathways association to tumor radioresistance and enhanced
migration revealed by comprehensive proteomic and functional studies. Mol Cell
Proteomics 2013;12:485–498. Doi: 10.1074/mcp.M112.018325.
[58] Kalaria RN. The role of cerebral ischemia in Alzheimer's disease. Neurobiol Aging
2000;21:321–330. Doi: 10.1016/S0197-4580(00)00125-1.
[59] Kalaria RN, Ihara M. Dementia: Vascular and neurodegenerative pathways—will they
meet? Nat Rev Neurol 2013;9:487–488. Doi: 10.1038/nrneurol.2013.164.
[60] Serra A, Zhu H, Gallart-Palau X, Park JE, Ho HH, Tam JP, Sze SK. Plasma proteome
coverage is increased by unique peptide recovery from sodium deoxycholate precipi‐
tate.Anal Bioanal Chem 2016;408(7):1963-73. doi: 10.1007/s00216-016-9312-7.
[61] Serra A, Zhu H, Cheow E, Gallart-Palau X, Ng JT-Y, Park JE, Kleijn Dd, Ho HH, Tam
JP, Sze SK. Increasing proteome coverage through peptide recovery from sodium
deoxycholate pellet. J Proteome Res 2015; under review.
[62] Lanthier J, Bouthillier A, Lapointe M, Demeule M, Beliveau R, Desrosiers RR. Down-
regulation of protein l-isoaspartyl methyltransferase in human epileptic hippocampus
contributes to generation of damaged tubulin. J Neurochem 2002;83:581–591.
[63] Kosugi S, Furuchi T, Katane M, Sekine M, Shirasawa T, Homma H. Suppression of
protein l-isoaspartyl (d-aspartyl) methyltransferase results in hyperactivation of EGF-
stimulated MEK-ERK signaling in cultured mammalian cells. Biochem Biophys Res
Commun 2008;371:22–27. Doi: 10.1016/j.bbrc.2008.03.109.
[64] Liu Y, Qing H, Deng Y. Biomarkers in Alzheimer's disease analysis by mass spectrom‐
etry-based proteomics. Int J Mol Sci 2014;15:7865–7882. Doi: 10.3390/ijms15057865.
Proteomic Study of Degenerative Protein Modifications in the Molecular Pathology of Neurodegeneration and
Dementia
http://dx.doi.org/10.5772/64693
125
[65] Koyama A, Okereke OI, Yang T, Blacker D, Selkoe DJ, Grodstein F. Plasma amyloid-
beta as a predictor of dementia and cognitive decline: A systematic review and meta-
analysis. Arch Neurol 2012;69:824–831. Doi: 10.1001/archneurol.2011.1841.
[66] Gupta VB, Laws SM, Villemagne VL, Ames D, Bush AI, Ellis KA, Lui JK, Masters C,
Rowe CC, Szoeke C, Taddei K, Martins RN. Plasma apolipoprotein e and Alzheimer
disease risk: The AIBL study of aging. Neurology 2011;76:1091–1098. Doi: 10.1212/
WNL.0b013e318211c352.
[67] Du Y, Dodel RC, Eastwood BJ, Bales KR, Gao F, Lohmuller F, Muller U, Kurz A, Zimmer
R, Evans RM, Hake A, Gasser T, Oertel WH, Griffin WS, Paul SM, Farlow MR. Asso‐
ciation of an interleukin 1 alpha polymorphism with Alzheimer's disease. Neurology
2000;55:480–483.
[68] Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, Combarros O,
Zelenika D, Bullido MJ, Tavernier B, Letenneur L, Bettens K, Berr C, Pasquier F, Fievet
N, Barberger-Gateau P, Engelborghs S, De Deyn P, Mateo I, Franck A, Helisalmi S,
Porcellini E, Hanon O, de Pancorbo MM, Lendon C, Dufouil C, Jaillard C, Leveillard
T, Alvarez V, Bosco P, Mancuso M, Panza F, Nacmias B, Bossu P, Piccardi P, Annoni
G, Seripa D, Galimberti D, Hannequin D, Licastro F, Soininen H, Ritchie K, Blanche H,
Dartigues JF, Tzourio C, Gut I, Van Broeckhoven C, Alperovitch A, Lathrop M,
Amouyel P. Genome-wide association study identifies variants at CLU and Cr1
associated with Alzheimer's disease. Nat Genet 2009;41:1094–1099. Doi: 10.1038/ng.439.
[69] Guan F, Gu J, Hu F, Zhu Y, Wang W. Association between alpha1-antichymotrypsin
signal peptide -15a/t polymorphism and the risk of Alzheimer's disease: A meta-
analysis. Mol Biol Rep 2012;39:6661–6669. Doi: 10.1007/s11033-012-1472-8.
[70] Liu Y, Qing H, Deng Y. Biomarkers in Alzheimer's disease analysis by mass spectrom‐
etry-based proteomics. Int J Mol Sci 2014;15:7865–7882. Doi: 10.3390/ijms15057865.
[71] Oresic M, Hyotylainen T, Herukka SK, Sysi-Aho M, Mattila I, Seppanan-Laakso T,
Julkunen V, Gopalacharyulu PV, Hallikainen M, Koikkalainen J, Kivipelto M, Helisalmi
S, Lotjonen J, Soininen H. Metabolome in progression to Alzheimer's disease. Transl
Psychiatry 2011;1:e57. Doi: 10.1038/tp.2011.55.
[72] Shi M, Movius J, Dator R, Aro P, Zhao Y, Pan C, Lin X, Bammler TK, Stewart T, Zabetian
CP, Peskind ER, Hu SC, Quinn JF, Galasko DR, Zhang J. Cerebrospinal fluid peptides
as potential Parkinson disease biomarkers: A staged pipeline for discovery and
validation. Mol Cell Proteomics 2015;14:544–555. Doi: 10.1074/mcp.M114.040576.
[73] Kang JH, Korecka M, Figurski MJ, Toledo JB, Blennow K, Zetterberg H, Waligorska T,
Brylska M, Fields L, Shah N, Soares H, Dean RA, Vanderstichele H, Petersen RC, Aisen
PS, Saykin AJ, Weiner MW, Trojanowski JQ, Shaw LM. The Alzheimer's disease
neuroimaging initiative 2 biomarker core: A review of progress and plans. Alzheimers
Dement 2015;11:772–791. Doi: 10.1016/j.jalz.2015.05.003.
Update on Dementia126
